Introduction: African trypanosomiasis is a neglected tropical disease caused by protozoa Trypanosoma brucei and transmitted via the bite of tsetse fly. The target protein of T. brucei is L-threonine-3-dehydrogenase, which has been selected for this study due to its metabolic importance for the parasite's survival. Docking of target protein was carried out with phytochemicals that passed in silico drug-likeness filters and have in vitro antitrypanosomal activity along with the standard drugs eflornithine and pentamidine available against the disease. Materials and Methods: A 3D structure of L-threonine-3-dehyrogenase was downloaded from Protein Data Bank (PDB) with Id: 5K4Y and Pictorial database of 3D structures in the Protein Data Bank (PDBsum) was used to retrieve the active sites of the protein. The reviewed ligands were screened using SwissADME, Lipinski's rule of 5, and Molinspiration servers along with standard drugs and docked using AutoDock Vina and AutoDock 4.2.6. The 2D and 3D interacting residues were observed using Discovery Studio. Results: Ligand Camptothecin which inhibited T. brucei during in vitro cytotoxic assays gave better binding affinity scores than the standard drugs (eflornithine and pentamidine) selected for this study. Camptothecin showed interaction with those active site residues where ligand NAD (nicotinamide-adenine-dinucleotide) binds to the target protein, which is a significant restricting pocket for the hindrance of the parasite. Conclusions: Camptothecin derived from Camptotheca acuminata trees has the potential to be used as a better alternative than the standard drugs because of its less toxicity, better binding affinity, and specificity towards the inhibition of target protein.
Introduction
African trypanosomiasis, when affecting humans, known as human African trypanosomiasis (HAT) is one of the most neglected tropical diseases having endemic status in Africa being widespread in over 37 countries in the continent. 1 African trypanosomiasis also known as sleeping sickness is a parasitic disease transmitted through the bite of a vector fly named tsetse fly. The condition is classified as a neglected tropical disease by the World Health Organization (WHO), putting 65 million people at risk of developing the disease. 2 This disease is mainly caused by 2 species of protozoa: Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense. About 98% of the cases reported are caused by T. brucei gambiense, which creates a slow progression of the disease while the rest 2% are caused by T. brucei rhodesiense, which causes a more rapid form of the disease. 2, 3 The disease causes symptoms like fever, fatigue, weakness, weight loss, enlarged lymph nodes, cardiac dysfunction, endocrine disorders and progression to neurological symptoms in later stages of the disease. Symptoms affecting the nervous system include behavioral problems, motor disturbances, seizures, disturbances in the sleep cycle, insomnia, and optical problems. 4 Medication for this disease is limited and poorly researched. The mechanism of action of prescribed drugs for HAT is still unknown, these drugs having severe side effects and also there is no vaccine developed against HAT. 2 These conditions can be attributed to the fact that this disease mostly affects the countries with a more impoverished economy, leading to less funding for research and awareness by the governmental and healthcare agencies. 5 The protein target for the disease studied by Adjogatse et al led to the elucidation of the structure of the L-threonine-3-dehydrogenase protein from the protozoa T. brucei, the causative agent of African trypanosomiasis. This protein is a crucial enzyme in the synthesis of threonine which develops in the gut of the insect tsetse fly a vector for T. brucei. The inhibition of L-threonine-3-dehydrogenase causes the depletion of the parasite, as it is involved in the synthesis of the fatty acid pathway, energy production, and maintaining the stability of physiological processes. Another important reason for it to be a potential drug target is that L-threonine-3-dehydrogenase is non-functional in human beings, thus making it a specific anti-parasitic target for potential lead candidates like phytochemicals. 6 The conventional medicines prescribed against the disease include pentamidine, suramin, eflornithine, and melarsoprol. All of these standard drugs have potentially harmful effects on the body, and the exact mechanism of these drugs or which protein they target is still not clearly understood. Hence, there is a need for safer alternatives with fewer side effects, and thus phytochemicals should be considered for the treatment of this disease. 3 Suramin is only administered through injection. It has various severe side effects which include cloudy urine, diarrhea, faintness, headache, itching, joint pain, swelling on skin, changes in or loss of vision, extreme tiredness or weakness, painful tender glands in the neck, armpits, or groin swelling around eyes. It is also considered to be a carcinogen, and little is known about the mechanism by which it kills the parasite or the protein it targets. 7-9 Similarly, melarsoprol is also administered intravenously and is another acute toxic drug derived from arsenic, which is not even an acceptable compound group in docking. It has fatal effects such as encephalopathy. Around 5% of patients die while getting treated with melarsoprol. 7, 10, 11 Due to the many serious side-effects mentioned above, suramin and melarsoprol have not been considered to be taken as comparative drugs in this study. Pentamidine and eflornithine both administered through injections also have several side effects. These 2 drugs were chosen as relative standard drugs for the present study as they are less harmful than suramin and melarsoprol. 7 Nowadays, the demand of natural products is increasing due to the abundant number of phytochemicals that can be obtained from a large selection of plants, herbs, etc. Within the last 25 years, a large proportion of developed drugs have had natural origins. A large number of studies have been carried out and have concluded that most of the natural products or phytochemicals have lead like properties or drug-like properties. 12 In part 1 of prospective potential secondary metabolites against neglected tropical protozoan diseases, Schmidt et al conducted in vitro cytotoxic assays to determine phytochemicals with anti-trypanosomal activity. The phytochemicals which showed inhibition of the parasite included alloaromadendrene, cupacinosides from plant Cupania cinerea, lipiferolide from plant Liriodendron tulipifera, mukaadial and muzigadial from plant Warburgia ugandensis, pseudoguaianolide helenalin from Arnica and Helenium species, terpinen-4-ol, and α-pinene. 12 Similarly, in part 2 of the study Schmidt et al concluded that phytochemicals with the most inhibition activity against T. brucei based on the in vitro assay results were 2-(1-hydroxyethyl)-naphtho [2,3-b] furan-4,9-quinone, berberine, emetine, and quinidine. 13 Hoet et al performed in vitro assays to determine potential antitrypanosomal phytochemicals. The most active compounds were Diospyrin from the bark of Diospyros montana, O-methylmoschatoline from Unonopsis buchtienii, and pancracine from Narcissus angustifolius. 14 Wink reviewed phytochemicals which had shown in vitro anti-trypanosomal activity, which included camptothecin from Camptotheca acuminata trees, carlina oxide from Carlina acaulis, sanguinarine, and vinblastine. 15, 16 The present study aimed to inhibit functionally important L-threonine-3-dehydrogenase protein through initiating the death of the parasite by docking it with the phytochemicals having anti-trypanosomal activity along with the standard drugs to give a better understanding of the active residues and the binding affinities by which they bind to the target protein.
Materials and Methods

Preparation of Target Protein
The target L-threonine-3-dehydrogenase protein from organism T. brucei, which is a causative agent for African trypanosomiasis was selected as the target protein for the study. The 3D structure of the target protein, retrieved from Protein Data Bank (PDB), has PDB Id: 5K4Y, and a resolution of 1.77 Å. 17 The PDB database is an online repository for the crystallography structure of proteins and nucleic acids obtained by x-ray crystallography and NMR. 18 After downloading the structure in PDB format it was visualized in the Discovery Studio Visualizer. 19 Active Site Retrieval From Pictorial Database of 3D Structures in the Protein Data Bank (PDBsum) The active sites of the target L-threonine-3-dehydrogenase protein from the organism T. brucei were retrieved using the PDBsum database. The PDBsum is a database having ligandprotein interaction information of those structures deposited in PDB. 20 PDBsum gives information about the non-bonded and hydrogen bonded interactions of the ligand with the protein in the form of diagrams. The target protein PDB Id-5K4Y was searched in PDBsum. The active sites for the target protein which is a homodimer were observed with 6 identical chains and 2 ligands (nicotinamide-adenine-dinucleotide [NAD] and acetate ion [ACT]) bonded in each chain. Chain F showed bonding with an addition ligand that was GOL (glycerol) along with NAD and ACT. 21 The hydrogen-bonded interacting residues along with the non-bonded interactions were retrieved for chain F of the protein. Hence, chain F was used for the docking process after trimming the structure and deleting all the water molecules and heteroatoms.
Energy Minimization and Protein Validation
After the retrieval of the PDB protein structure and trimming it to retain its F chain, the protein was submitted on the Mod Refiner energy minimization server, which requires PDB input and afterwards the refined protein structure is mailed in PDB format to the user. 22 The server refines the structure via 2 steps which include low resolution and high-resolution refinements of the protein. The first step builds central chain atoms using C alpha performing energy minimization followed by the second step which includes building side chain rotamers while refining the atoms again. 23 The Ramachandran plot of the protein structure was checked before energy minimization using Rampage server. 24 After energy minimization, the protein structure was downloaded from Modrefiner and uploaded on Rampage server for Ramachandran plot analysis. 24 The improvement in protein structure was determined by analyzing the favored region, allowed region, and outliers in before and after energy minimized protein structures. 24 Ramachandran plot is a way to understand the energetically allowed regions for backbone dihedral angles that are the psi vs phi of amino acid residues of a protein structure thus giving information about its stability and how it will fold. 25 Ligand Preparation Nineteen phytochemicals reviewed from literature studies having in vitro activity against African trypanosomiasis were selected along with the standard drugs (eflornithine and pentamidine). All the structures of the phytochemicals and drugs were drawn on MarvinSketch, which was followed by adding explicit hydrogen and cleaning the structures in 2D and 3D. The structures were saved in SMILES and PDB formats. 26 The ligands, along with standard drugs, were then submitted in SMILES format on SwissADME and Molinspiration servers. It was submitted in PDB format on SCFBio Lipinski Rule of Five server. [27] [28] [29] SwissADME predicts the pharmacokinetic, ADME (absorption, distribution, metabolism, and excretion), physiochemical properties as well as whether a ligand has lead-likeness and drug-likeness features by subjecting the ligand to several parameters like molecular mass, number of hydrogen donors, acceptors, LogP, GI (gastrointestinal) absorption, solubility etc. 27 Lipinski Rule of Five -SCFBio server predicts the rule of 5 properties for the submitted ligand. The Lipinski's rule of 5 helps to distinguish a drug-like compound from a non-drug on the basis of 5 rules. The molecule has a higher chance of having drug-likeness if it follows the following rules. 1. Molecular mass < 500 Da, 2. Lipophilicity (LogP < 5), 3. Hydrogen bond donors < 5 4. Hydrogen bond acceptors < 10 5. Molar refractivity should be within 40 to 130. 28 The Molinspiration server offers an online prediction of bioavailability scores for different parameters for the submitted ligand. The enzyme inhibitor parameter was evaluated for the phytochemicals and standard drugs since the target protein for the study is an enzyme. The server uses a distribution of activity scores of different ligands which include enzyme inhibitor, ion channel modulator, nuclear receptor ligand, etc. and compares their activity scores with the scores of 100 000 drug-like molecules. This score allows the separation of active and inactive molecules. The higher the bioactivity score, the greater chance the molecule will be active and drug-like. 30 
Docking Preparation
In silico docking analysis of the target protein-ligand was carried out using AutoDock Vina and AutoDock 4.2.6. [31] [32] [33] AutoDock Vina is designed for protein-ligand docking, utilizing multiple CPU's at a time, making it exceptionally faster and accurate. Vina is based on a gradient optimization algorithm along with local optimization and automatically clusters the results. 31 The Molecular Graphics Lab (MGL) tools consists of: (a) Python Molecular Viewer (PMV), a software for structure visualization and (b) AutoDock Tools (ADT), a software framework for structure editing and preparation of essential files required for docking. AutoDock Vina is a molecular docking program and is used to perform rigid-flexible type of docking. 32, 33 After loading the target protein in MGL tools, the water molecules were deleted, polar hydrogens were added, and the file was saved in pdbqt format. The active site residues of the target protein were then selected, and the grid box was made using 1 Å spacing for the target protein. The ligand molecules in PDB format were loaded using AutoDock Tool's ligand menu, and all non-rotatable bonds were made rotatable, the ligand was then saved in pdbqt format as well. Docking was carried out using AutoDock Vina, by using the pdbqt files of the ligands, protein target and the configuration file containing dimensions of the grid box-that is centre x, y, z and size x, y, z values which were center_x = 44.325, center_y = 273.658, center_z = 9.266, size_x = 28, size_y = 34 and size_z = 32. The generated results were the out files giving the nine poses of the ligand docked with the target protein in pdbqt format and a log file that gave information about the binding energy and RMSD values by which the ligand binds to the target protein.
AutoDock 4.2.6 is a docking program based on Lamarckian genetic algorithm and semi-empirical free energy force field that generates free binding energy of 10 ligand poses after docking. 33 The grid box dimensions were kept the same while docking using AutoDock 4.2.6, to validate the docking results produced by using AutoDock Vina.
The protein file was loaded in MGL tools, the water molecules were deleted, and polar hydrogen was added using edit option, and the target protein were saved in pdbqt format. The grid box around the active residues was made using the AutoDock tools, keeping the same grid box dimensions and grid coordinates that were used in AutoDock Vina. The grid parameter file (gpf) was saved from the output option of the grid menu. The ligands were loaded from the ligand menu of AutoDock tools, and then from the docking menu, the receptor was chosen and the ligand file was chosen. The docking parameter files (dpfs) were saved from the output option of the docking menu by choosing the Lamarckian genetic algorithm. After the generation of gpf and dpf files, Autogrid was run followed by AutoDock 4 from the docking menu. The docked dlg file produced the output of 10 ligand poses, which was analyzed from the analyze menu of AutoDock tools and was saved in pdbqt format to further analyze it in the Discovery Studio Visualizer.
The 2D and 3D protein-ligand interactions were visualized in Discovery Studio Visualizer. 19
Results
L-Threonine-3-Dehydrogenase Protein
After downloading and trimming the protein L-threonine-3-dehydrogenase, PDB Id-5K4Y to its F chain, the protein was visualized in the Discovery Studio Visualizer. Figure 1 shows the visualized F chain of L-threonine-3-dehydrogenase.
Energy Minimization and Protein Validation by Using Rampage Server
After downloading the refined structure mailed by Mod Refiner server, the before and after minimized structure was validated on the Rampage server to check the allowed regions, favored region, and outliers (Table 1) .
After retrieval of L-threonine-3-dehydrogenase from PDB and its energy minimization, the validation was performed by checking the Ramachandran plot. The allowed and favored regions of the protein structure was already in the acceptable range (98% and 2%). After energy minimization, these percentages remained the same. The aim of minimization was to eliminate leucine from the outlier region. After energy minimization, the outlier residue changed from leucine to proline. Proline and glycine residues do not follow the Ramachandran plot. So having these residues as an outlier is acceptable as it will not affect the final results. 34 Thus carrying out the energy minimization step improved the overall structure for the docking analysis of the protein.
Active Site Results
The 3 ligands present on the F chain which are NAD, ACT and GOL were checked for their interacting H bonds and nonbonded interactions with the target protein using PDBsum database ( Table 2) .
Being a PDB deposited structure, the PDBsum database was used for retrieving the active site residue numbers ( Table 2 ). The non-bonded interaction of the ligands NAD, ACT, GOL with the protein along with the hydrogen interactions were retrieved to be further used in the docking process. Hydrogen bonds are the most crucial bonds which need to be considered while searching for active sites, mainly because H bonds are the most essential contributors in the stability of the protein structure. This is due to the fact that proteins are made of NH and OH groups that can donate H bonds and other groups that will accept them. Thus, H bonds help in the specificity of protein-ligand interactions stabilizing the ligand in the binding pockets. 35 SwissADME Results for Standard Drugs and Phytochemicals The 19 phytochemicals having activity against African trypanosomiasis along with standard drugs used for the treatment of African trypanosomiasis were submitted to the SwissADME server to check whether they had potential properties to be a drug or not. Among them, 7 ligands passed the server (Table 3) . After submitting 19 ligands, 6 ligands passed and showed no violations in SwissADME filters and were predicted to be having drug-like properties. These filters compare the structure to a particular range of physiochemical properties. These properties vary from one filter to others to predict it to be drug-like. 36 The standard drugs prescribed against the African trypanosomiasis, including eflornithine & pentamidine, failed to pass on SwissADME ( Table 3) . Eflornithine failed to be predicted as a drug-like violating Ghose and Muegge filter present in SwissADME. The drug gave one violation of the Ghose filter by having molar refractivity less than 40, and gave 2 violations of the Muegge filter by having a molecular weight less than 200 g, XLOGP3 <-2. It was predicted to be a not lead-like compound as it violated lead likeness filter with a molecular weight less than 200 g. Pentamidine was predicted as an unfit compound to be a lead molecule by violating lead likeness filter by having less than 7 rotors.
SCFBio Lipinski Rule of 5 Server Result
The 7 ligands which passed the SwissADME server filters and were predicted drug-like by the server were submitted on SCFBio Lipinski's rule of 5 server, to check if ligands and drugs pass the Lipinski's rule of 5. The results have been presented in Table 4 .
All the 7 ligands, along with the standard drugs, passed the Lipinski's rule of 5 server.
Molinspiration Results for Standard Drugs and Ligands
The 7 ligands which passed both the SwissADME and SCFBio's Lipinski rule of 5 servers along with the 2 standard drugs were submitted on the Molinspiration server to check if the ligands had properties to be an enzyme inhibitor (Table 5 ).
Six ligands passed the enzyme filter and were predicted to be enzyme inhibitors with camptothecin having the highest score among the ligands. The larger the value of the score, the more probability that the ligand will be active. Since camptothecin has a score of 1.11, it has the highest probability of being an active enzyme inhibitor. Both drugs were predicted as non-enzyme inhibitors. The target protein of the study is an enzyme; hence the prediction of this filter is an important parameter. These 6 ligands were further used for the docking Tables 6 and 7 . Camptothecin showed highest binding affinity using both Autodock Vina and Autodock 4.2.6 than the standard drugs (eflornithine and pentamidine).
Discussion
African trypanosomiasis has been considered to be one the most neglected diseases in the world as there are limited treatment options available with detrimental side effects. Hence, safer and better alternatives need to be studied to treat this disease. All the 4 drugs available for treatment of this disease are only administered through IV route and there is no oral medication available for this disease. Natural drugbased therapy needs to be researched and studied against this disease which was the main aim of this study.
The L-threonine-3-dehydrogenase is an important functioning enzyme of the parasite T. brucei. Its structure and important catalytic activity site was elucidated by Adjogatse et al. This study explained the significance of the ligand NAD's binding pocket in the protein as an important catalytic site which can be targeted for structure-based drug studies in order to block the pathway of the enzyme L-threonine-3dehydrogenase. This enzyme has many important functions in the metabolism and stability of the parasite. Blocking the particular NAD binding pocket as described in the study will bring the death of the parasite. 6 Seven out of 20 ligands passing the SwissADME and Lipinski's rule of 5 servers were checked for their enzyme inhibition activity. The bioactivity score of the enzyme inhibition was predicted by the Molinspiration server for the ligands and the drugs. Six ligands passed the enzyme filter, indicating that they had enzyme inhibition activity while the drugs failed. As the target protein is an enzyme, the prediction of this filter was an important parameter for the study. These 6 ligands had been studied in-vitro to determine their activity against the inhibition of T. brucei.
Camptothecin, obtained in alcoholic extracts of C. acuminata trees were studied in vitro in a cytotoxicity assay to test the inhibition of T. brucei by Bodley et al. The results of Bodley et al's study proved that camptothecin is lethal to T. brucei with EC50 values of 1.5 μM. These parasites were completely eliminated at high concentrations of camptothecin. Also, these levels are within the range for other anti-trypanosomal drugs in the assay (e.g., 0.02 and 22 μM for pentamidine and eflornithine, respectively). 15, 16 Lipiferolide isolated from Liriodendron tulipifera showed to be the most active and selective parthenolide derivative against T. brucei found so far with an IC50 of 0.22 μM. Muzigadial and mukaadial isolated from Warburgia ugandensis showed inhibition of T. brucei with IC50 values of 0.56 and 0.64 μM, respectively. 12 O-methylmoschatoline isolated from the stem bark of Unonopsis buchtienii showed inhibition activity on the T. brucei (IC100 = 20 μM) but without selectivity. Pancracine, an alkaloid obtained from the fresh bulb of Narcissus angustifolius subsp. transcarpathicus was active on the mammalian stage of T. brucei with an IC50 of 2.4 μM. 14 The L-threonine-3-dehydrogenase protein was docked with the 5 ligands and the 2 standard drugs with AutoDock Vina and AutoDock 4.2.6 using the same grid box dimensions in-order to compare and validate the docking results. The output of the docking was the free binding energy with which the ligand binds to the pocket of the receptor protein. The highest scoring ligand (camptothecin) gave a better binding affinity score of -8.4 using AutoDock Vina and -5.58 using AutoDock 4.2.6 than the 2 standard drugs (eflornithine and pentamidine).
The standard drugs showed unfavorable bonds after docking in AutoDock Vina. The 2D interactions are shown in Figure 2A and Figure 3A , and the 3D interactions are shown in Figure 2B and Figure 3B .
Eflornithine showed unfavorable bonds after docking in AutoDock 4.2.6, while pentamidine did not form any unfavorable bond. The 2D interactions of the drugs are shown in Figure 5A and Figure 6A , and the 3D interactions are shown in Figure 5B and Figure 6B .
Unfavorable bonds affect the activity stability of the drug. The formation of any kind of unfavorable bond between/in protein-ligand complex reduces the stability of the complex as these types of bonds indicate a force of repulsion occurring between 2 molecules and an atom.
Camptothecin formed conventional hydrogen bonds along with other types of interactions with the target protein. In AutoDock Vina, camptothecin formed conventional hydrogen bonds with residue alanine 6079, as shown in a 2D interaction in Figure 4A and a 3D interaction in Figure 4B . In AutoDock 4.2.6, camptothecin formed conventional hydrogen bonds with residue alanine 6079 and glycine 6013, as shown in a 2D interaction Figure 7A and a 3D interaction in Figure 7B . This proves that ligand has the capability of forming conventional hydrogen bonds that have great significance in the stability of protein-ligand complex with better binding affinity than the standard drugs.
After docking in AutoDock Vina and AutoDock 4.2.6, camptothecin was found bonded to the common amino acid residues including glycine 6009, glycine 6012, glycine 6013, isoleucine 6014, aspartate 6035, leucine 6077, tyrosine 6144, lysine 6148, alanine 6036, leucine 6077, proline 6078, methionine 6081, proline 6117, threonine 6119 and leucine 6171. These residues are from the important active pocket as mentioned in the study where the ligand NAD binds, and camptothecin binding to the same residues in the pocket proves it can inhibit the parasite.
Adjogatse et al concluded that the NAD binding pocket of protein L-threonine-3-dehydrogenase is a deep and large binding pocket where many important active residues are present which are hydrophobic and hydrophilic in nature and thus should be targeted for designing highly specific inhibitors. 6 In silico toxicity screening and docking studies proved that camptothecin has better binding affinity than the standard drugs and also binds to the functionally important active site of the target protein as predicted by both AutoDock Vina and Autodock 4.2.6 thus validating the results.
African trypanosomiasis has been plaguing mankind since centuries, affecting millions and still putting many people at risk of developing the disease. No better treatment option has yet been developed for those suffering from it. According to the results of this study, camptothecin has proved to have a potential to be a natural inhibitor of the parasite against African trypanosomiasis.
Conclusions
The metabolic pathway of the protozoa is dependent on the protein L-threonine-3-dehydrogenase. An important active site for the inhibition of the protein target is where ligand NAD binds as understood from experimental studies of the protein structure. Docking the protein target with the screened phytochemicals having passed the SwissADME filter, Lipinski's rule of 5 and Molinspiration server's enzyme inhibition filter, led to 5 compounds.
Among the 6 ligands, camptothecin showed a better binding affinity for the target protein even performing better than the standard drugs (eflornithine and pentamidine). It actually binded to the same amino acid residues as ligand NAD does which is an important active pocket of the protein.
Being a phytochemical, the ligand has no side effects as they are naturally derived compounds. The ligand camptothecin has been studied in-vitro in cytotoxic assays inhibiting T. brucei. This study proved that camptothecin derived from C. acuminata trees are a natural inhibitor of the parasite.
